Abstract The Protein Structure Initiative:Biology-Materials Repository (PSI:Biology-MR; MR; http://psimr.asu. edu) sequence-verifies, annotates, stores, and distributes the protein expression plasmids and vectors created by the Protein Structure Initiative (PSI). The MR has developed an informatics and sample processing pipeline that manages this process for thousands of samples per month from nearly a dozen PSI centers. DNASU (http://dnasu.asu.edu), a freely searchable database, stores the plasmid annotations, which include the full-length sequence, vector information, and associated publications for over 130,000 plasmids created by our laboratory, by the PSI and other consortia, and by individual laboratories for distribution to researchers worldwide. Each plasmid links to external resources, including the PSI Structural Biology Knowledgebase (http://sbkb.org), which facilitates cross-referencing of a particular plasmid to additional protein annotations and experimental data. To expedite and simplify plasmid requests, the MR uses an expedited material transfer agreement (EP-MTA) network, where researchers from network institutions can order and receive PSI plasmids without institutional delays. As of March 2011, over 39,000 protein expression plasmids and 78 empty vectors from the PSI are available upon request from DNASU. Overall, the MR's repository of expression-ready plasmids, its automated pipeline, and the rapid process for receiving and distributing these plasmids more effectively allows the research community to dissect the biological function of proteins whose structures have been studied by the PSI.
Introduction
With the completion of the genome sequencing of human and other organisms, attention has turned towards the characterization and function of proteins, the products of genes. The availability of sequence data and the growing impact of structural biology on biomedical research prompted scientific groups from several countries to undertake projects in structural genomics [1] [2] [3] [4] . Ten years ago, the Protein Structure Initiative (PSI) was established with the objective to solve protein structures and to make these structures widely available for clinical and basic studies with the expectation that this will expand the knowledge of the role of proteins both in normal biological processes and in disease. By these metrics, the effort has been a resounding success with over 5,100 structures solved (both PSI-1 and PSI-2) comprising over 10% of the submissions to the PDB in the past 5 years, the majority of these with less than 30% sequence identity to structures already deposited in the Protein Data Bank (PDB) [5] [6] [7] [8] .
To solve these structures, the network of four large-scale and numerous specialized PSI Centers have created tens of thousands of plasmids containing genes or their fragments to be used for protein expression, purification, crystallization and structure determination. These plasmids are of particular value to researchers because the PSI centers have already documented their ability to produce protein, including whether the protein was soluble and could be purified. This creates a vital resource that can be used immediately by researchers to study the biochemistry and biological functions of these proteins. Furthermore, expression-ready plasmids for proteins coded by hypothetical genes or genes of unknown function assist biologists in determining the function of these proteins more quickly. For these reasons, distribution of the plasmid samples forms a key component towards translating the PSI's structural genomics efforts into functional studies of the proteins whose structures have been studied.
In order to provide the general biological community with centralized access to PSI plasmids, the PSI:BiologyMaterials Repository (PSI:Biology-MR or MR; http:// psimr.asu.edu) [9] was established in 2006 with the mission of providing storage, maintenance and distribution of plasmids produced by PSI centers. As the PSI transitions into PSI:Biology, PSI researchers will continue solving protein structures with the added focus of applying highthroughput structural biology to important biological problems. This will be done through the formation of partnerships between structural biologists and investigators from the biological, biochemical, and/or molecular communities to determine protein targets of mutual interest in order to understand the function of these proteins. We anticipate that this new phase of PSI will increase the necessity and utility of the MR as a facilitator for the transfer of plasmids between PSI structural biologists and the general biological community.
Plasmid collection
The PSI:Biology-MR comprises over 39,000 protein expression plasmids from 806 organisms in 33 protein expression vectors from nine PSI centers (Table 1) . PSI plasmid inserts contain both prokaryotic and eukaryotic full length genes and gene fragments that were selected based on target selection to represent each large-scale center's biological theme and optimized for structurally unique folds within representative protein families [10] [11] [12] . The MR sequence validates and annotates PSI plasmids, adding them to the plasmid collection at a rate of more than 1,000 per month.
The PSI:Biology-MR is one of many collections in the DNASU plasmid repository, which distributes over 130,000 plasmids (Table 1) . DNASU comprises collections of human kinases [13] , 1,000 breast cancer-related genes [14] , over 7,000 additional human genes [15] , complete or near complete genome collections from Saccharomyces cerevisiae [16] , Pseudomonas aeruginosa [17] , Bacillus anthracis, Francisella tularensis [18] , Vibrio cholorae [19] , and Yersinia pestis that were created by the LaBaer laboratory, by the ORFeome consortium, or deposited by individual laboratories.
To maintain the quality of the plasmids, to properly track the location of each sample in the repository, and to ensure the accurate, fast access to these samples, all samples are stored as glycerol stocks in 2D barcoded tubes in (4) Searching by BLAST, which allows researchers to search all of the cDNAs in our database to find clones that are identical or similar to one or many nucleotide or amino acid sequences of interest without the need to know any ID numbers. This feature is particularly useful for comparative genomics and for searching for clones that are similar to sequences from hypothetical genes or genes of unknown function. (5) Searching by advanced search, which is a combination query that uses keywords, gene symbol/names, vector names, species, author name and/or publication information (Fig. 1a) . (6) Searching by PSI-specific features, which leverage unique PSI-specific information, such as plasmids with inserts that have been documented to express soluble protein that lead to solved protein structures (e.g., searching by PDB ID). This allows researchers to quickly identify and obtain plasmids that they already know will have the expression characteristics that are most suited for their experiment. This search also allows searching for specific targets by TargetDB ID or for all plasmids from a particular PSI center. In addition to these search features, we provide a downloadable version of nucleotide and amino acid sequences of all plasmids in DNASU for researchers with expertise and the desire to search the database using their informatics method of choice. For the biologist interested in finding plasmids in DNASU, here are three common case studies.
1. A researcher is interested in obtaining all plasmids encoding human proteins that have been previously documented to produce purified protein at acceptable yields. She would use the PSI:Biology-MR search, select Homo sapiens as the species, and in the drop down boxes, select ''Protein_Confirmed'' for expression, ''Protein_Soluble'' and ''Protein_Purified''. 2. A researcher studying cell cycle regulation has used bioinformatics to generate a list of genes for which he is interested in obtaining plasmids. He would access the advanced search option, and enter his list of gene symbols, gene names, or accession numbers separated by commas (Fig. 1a) . He can further refine his search by specifying a vector name, desired expression features, or species. If interested in cell cycle regulation genes from a particular organism, he can also use the Gene Search option to first select the organism of interest and then enter a list of up to 100 Accession numbers, Gene symbols or other IDs to identify relevant plasmids. Each of these searches can be further refined by re-running the search or clicking the back button on the browser to update the current search. 3. A researcher has just identified several proteins in a high throughput screen that produce a phenotype of interest. She would like to look for plasmids that contain related genes to see if they have similar activities. To do this, she would use the BLAST search option and paste in the sequences for all the genes of interest in FASTA format. She would also adjust the comparison parameters, such as the minimum percent identity, to obtain the needed level of similarity. The search results not only list the similar plasmids but also provide an alignment between the query and insert sequence, which enables her to decide which hits are most relevant to be requested.
In addition to DNASU, researchers may find plasmids through several external websites that link back to DNASU. The sequence and structure searches on the PSI Structural Biology Knowledgebase (SBKB; http://www.sbkb.org) [20] , a comprehensive resource portal to access research data and resources produced by the PSI, link to PSI plasmids in DNASU, when available. In addition, individual gene information from the Saccharomyces Genome Database [21] and the Pseudomonas Genome Database [22] link directly to corresponding plasmids in DNASU, thus allowing biologists to access those species-specific plasmids.
Annotations
The DNASU database represents each plasmid clone as comprising a vector plus an insert, which simplifies and normalizes the data structure. This avoids the storage of duplicate information for families of clones that share the same vector or insert, simplifies the process of updating and correcting any entries, if needed, and ensures that researchers will receive consistent information about these families throughout DNASU. Searching by any of the six options directs researchers to a results page containing 
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Click here to request this plasmid Displays additional results Fig. 1 Advanced search and search results. a The advanced search feature allows searching by a combination of insert, vector features and species options. Shown here is a search for all plasmids containing particular cell cycle regulation genes from Homo sapiens in a mammalian expression vector. Setting the dropdown box to ''contains'' will find gene names or symbols that contain the search string anywhere in the field, which is more tolerant of spelling differences but can return unrelated results. More precise searches can be accomplished by selecting ''equal to'' in the dropdown box, which returns only exact matches. b Screen shot of the search results from the search in A. 91 plasmids were identified that matched the search criteria. 50 plasmids are shown per page by default (10 are shown in the figure), and additional results can be viewed by changing the number of results shown per page or by displaying the next page. Clicking on the links directs the researcher to additional plasmid information including insert sequence and vector information or to reference sequence databases. Biologists can request a plasmid by clicking the ''Add to Cart'' button such as active site point mutations) or discrepancies (unintended differences in the insert compared to the reference sequence), (7) Vector name, and (8) Selectable marker for selection in bacteria or other hosts (Fig. 1b) .
PSI:Biology-MR searches produce a specialized results page that also includes the original clone ID used internally by the PSI Center, which functions as a reference for the PSI and for researchers who already know which PSI clone they are searching for, the PDB ID, which links to structural information in the Protein Data Bank [24] , and the Protein expression, purification, and crystallization DataBase (PepcDB) ID, which links to experimental annotations.
Clicking on the Clone ID on the search results page calls a clone detail page containing additional plasmid information including the insert sequence, growth conditions of the plasmid, and whether a special MTA is required to receive the plasmid. In addition, PSI plasmids link to methods, models, structures, targets, and protocols found through the PSI SBKB [25] , TargetDB [8] , PepcDB, the PDB [24, 26] and the structural annotation wiki The Open Protein Structure Annotation Network (TOPSAN) [27] (summarized in Table 2 ). Cross-referencing among the plasmids and these resources provides access to all available experimental information to assist researchers in identifying the functions of these proteins. Vector information, including vector maps and sequences (when available) can be found by clicking on the vector link on the search results page or the clone details page. All search results can be sorted on the search results page and are downloadable, facilitating further sorting and analysis of search results in a spreadsheet.
Biological collections
To facilitate researchers' access to biologically interesting plasmids, DNASU highlights complete collections of plasmids in our Collection List (http://dnasu.asu.edu/DNA SU/GetCollectionList.do). For example, this includes whole genome collections of ORFs from numerous organisms in Invitrogen's Gateway Ò [28] or Clonetech's Creator TM entry vectors. These recombinational cloning vectors have the advantage of allowing gene inserts to be quickly transferred into any expression vector of interest by one simple recombinational cloning reaction. Several collections of gene inserts have already been transferred in our laboratory by this method into retroviral, lentiviral, cellfree, bacterial, or yeast expression vectors and are available for immediate use. Other special collections are also highlighted on this page including the entire PSI plasmid collection and the Cystic fibrosis transmembrane conductance regulator (CFTR) collection created by SGX Pharmaceuticals, Inc., now owned by Eli Lilly and Company, with funding from Cystic Fibrosis Foundation Therapeutics.
Vectors
In addition to the wealth of protein structural information, the PSI program has contributed significantly to the development of methods for producing proteins and solving structures, all of which have been made publicly available [20] . Key among these has been the production and optimization of protein expression vectors that work in different species, include different promoters, and add different tags and cleavage sites. These well-tested vectors provide a resource for the research community to quickly and easily express their proteins of interest. In particular, vector development has focused on optimization of protein expression in bacterial [29] [30] [31] , wheat germ cell-free [32] , yeast [33] , or mycobacterial [34] systems. PSI centers have also focused on designing protein expression vectors to overcome common obstacles in protein expression pipelines by increasing protein solubility [35] , improving enzymatic activity by co-expressing proteins that are required for full catalytic activity [36] , or decreasing protein toxicity [37] . The MR highlights these vectors on the PSI:Biology-MR portal (http://psimr.asu.edu/Empty Vectors.html), which summarizes vectors based on usage, tags, cloning method, cleavage sites and antibiotic resistance. DNASU has a dedicated PSI vector collection page (http://dnasu.asu.edu/DNASU/GetAllVectors.do?PSI=true) for researchers to find additional information about the vectors and to order them for their own uses.
Requesting plasmids
The MR distributes PSI plasmids to all researchers, including those at companies and institutions in the United States and internationally, for non-commercial, research purposes. All plasmids can be requested through DNASU by registering for a new account, searching for the plasmid(s) of interest using one of our search features, and adding the clones to the cart. At checkout, the researcher enters shipping and billing information. We have implemented a non-profit re-charge system, managed by DNASU, to offset the handling fees associated with preparing and sending plasmids. This nominal re-charge fee ($37 per plasmid or $1,440 per 96-well plate of plasmids) covers the costs of materials and technician time required for distribution, and can be paid for either by providing a purchase order number or by credit card. In addition, our inexpensive ($2 per clone) pre-determined collections are available and priced to encourage high-throughput expression studies. Typical turnaround for orders is less than 7 business days, and all plasmids are shipped domestically as glycerol stocks in T1/T5 phage-resistant bacteria so that researchers can quickly begin experiments. Due to international shipping restrictions, plasmids are shipped internationally as purified DNA and any required permits (e.g., an AQIS permit to ship to Australia) are requested at the time of order to ensure that materials reach the recipient in a timely manner.
Because all transfers of plasmids require a material transfer agreement (MTA), we developed a minimally restrictive MTA that has been incorporated into an expedited process that eliminates the delays that are often caused waiting for institutional signatures [38] . This is accomplished by pre-negotiating a blanket MTA for our entire collection with member institutions. Researchers at these institutions no longer need to obtain official signatures to receive plasmids because they are already in place. This unique Expedited MTA process saves weeks to months of waiting for each order fulfillment [9] . Researchers who are not at a member institution are contacted by the MR when they place an order with the option of joining the Expedited MTA network or executing the MTA using the traditional mechanism.
Discussion and conclusions
The mission of the MR is to provide a centralized location for biologists to access high quality PSI plasmids and vectors in order to simplify their research into the structure, function and biology of these proteins or their own. Although the PSI centers have used these plasmids in their protein expression and structural determination pipelines, these and other plasmids in DNASU can be used for numerous other experimental applications to study the functions of these proteins. First, these plasmids can be used to express and purify protein for biochemical studies such as dissecting enzyme activity or kinetics or studying protein interactions. Collections of plasmids can be used for numerous applications including high throughput studies; for example, the Thermotoga maratima collection from the Joint Center for Structural Genomics can be used to study metabolic pathways [39] [40] [41] or the Breast Cancer 1,000 [14] collection can be used to identify tumor antigens in breast cancer [42] . In addition, our laboratory has generated human gene collections in a cell-free expression vector system for high-throughput proteomics studies by Nucleic Acid Programmable Protein Array (NAPPA) to identify autoantibodies in breast cancer [42] , outer membrane protein immunogenicity to Pseudomonas aeruginosa [43] , and ongoing projects to identify biomarkers for various human diseases. Biologists can also use these plasmids as template DNA to transfer the gene inserts into different vectors to study the function of the protein in their systems of interest. This transfer is simplified for nearly 40% of the plasmids, as they are already available in a Gateway or Creator-compatible entry vectors that can be transferred in one quick recombinational cloning reaction into the expression vector of choice, which includes seven of the PSI empty vectors available through DNASU. It is also the MR's goal to engage the biological community in the PSI effort through the plasmids provided by the MR. To do so, we present information about PSI on the DNASU web site and through the PSI:Biology-MR web portal (http://psimr.asu.edu). To specifically highlight an individual plasmid, vector or plasmid collection that may be of particular use to researchers, DNASU presents a monthly/bimonthly feature called ''Plasmid of the Month'' (http://dnasu.asu.edu/DNASU/POM.jsp).
To engage researchers in the PSI goal of identifying the biological roles of proteins of unknown function, each month we post a new Functional Sleuth Feature, which highlights a PSI plasmid encoding a protein of unknown function whose structure has been solved (http://dnasu.asu.edu/DNASU/ FunctionalSleuth.jsp). The MR also has a Facebook page that can be accessed directly through Facebook or on the PSI:Biology-MR portal homepage. Here, we regularly announce new plasmids, upgraded features, promotions, and news such as upcoming meetings at which the MR will present.
Overall, the MR benefits the general biological community by providing a centralized location where any researcher can search for and request PSI plasmids. In addition, by full-length sequence verifying all PSI plasmids and by providing standard, detailed annotations for each plasmid through an easy-to-use, freely-accessible and searchable website (DNASU; http://dnasu.asu.edu), researchers have access to high quality plasmid samples and annotations. And finally, by pioneering an Expedited MTA process that eliminates the delay in distribution that is often caused by MTA processing, we can ensure that researchers have quick access not only to plasmid annotations but also the samples themselves.
